Cyclooxygenase, lipoxygenase and epoxygenase derived oxylipins, especially eicosanoids play important roles in many physiological processes. Assessment of oxidized fatty acid levels is important for understanding their homeostatic and pathophysiological roles. Most reported methods examine these pathways in isolation. The work described here employed a SPE-LC-ESI MS/MS method to monitor these metabolites. In 21 minutes, 39 oxylipins were quantified along with eight corresponding internal standards. The limits of quantification were between 0.07-32 pg (20 pM-10 nM). Finally, the validated method was used to evaluate oxylipin profiles in lipopolysaccharide-exposed mice, an established septic inflammatory model. The method described here offers a useful tool for the evaluation of complex regulatory oxylipin responses in in vitro or in vivo studies.
Oxylipins are a group of oxidized metabolites of polyunsaturated fatty acids, which perform a variety of functions. Here, the term oxylipin includes the cyclooxygenase (COX), lipoxygenase (LOX) and cytochrome P450 (CYP) derived metabolites of polyunsaturated fatty acids ( Figure 1 ). These oxylipins play an important role in regulating cell proliferation, apoptosis, tissue repair, blood clotting, blood vessel permeability, inflammation, immune cell behavior and other biologies. The best characterized metabolites are prostaglandins and leukotrienes 1 , which are potent eicosanoid lipid mediators derived largely from phospholipase-released arachidonic acid that are involved in numerous homeostatic biological functions and inflammation. Recently, eicosanoid biology has extended beyond the prostaglandins and leukotrienes. The hydroxyl (hydroxy eicosatetraenoic acid; HETE) [2] [3] [4] and epoxy (epoxyeicosatreinoic acid; (EET)) 5 metabolites of arachidonic acid and lipoxin 6 molecules are also recognized as important biological mediators. EETs demonstrate anti-inflammatory properties 7 , while lipoxins are considered mediators in the resolution phase of inflammation [8] [9] [10] [11] . Similarly, several linoleic acid metabolites in this pathway are also regarded as biologically active compounds. Leukotoxin (9(10)-epoxy-12Z-octadecenoic acid, 9,10 EpOME) and its regioisomer have been associated with multiple organ failure and adult respiratory distress syndrome seen in severe burn patients while the corresponding diols (9,10-dihydroxy-12Z-octadecenoic acid, 9,10 DHOME; 12,13-dihydroxy-octadecenoic acid, 12,13 DHOME ) were proven to be even more toxic 12 . In healthy individuals, these metabolites may be endogenous chemical mediators regulating vascular permeability and inflammation. Due to the importance of these mediators, the enzymes responsible for their biosynthesis and metabolism have become therapeutic targets 13, 14 . Development of accurate, sensitive, rapid, and specific methods for determining oxylipin levels will facilitate an understanding of the biological functions of these lipid mediators.
Given that these lipid mediators are within the same cascade and are not independent of each other, valuable information can be gained by examining the ratios or patterns of oxylipins or stable analogs. For example, the thromboxane A2 to prostacyclin ratio (TXA2/PGI2) is related to the rate of blood clotting 15, 16 while 20 HETE and EETs work, in part, in a compensatory fashion 17 . In addition, these lipid mediators fluctuate with physiological or pathological status 18 . It is believed that these oxylipins are part of a complex regulatory network. Thus, measuring only one or several oxylipins may not be sufficient to explain a biological phenomenon. By examining the flux of a large number of metabolites across cellular systems we can begin to investigate not only levels of the metabolites but how the profile of the metabolites determine the physiological phenotype [19] [20] [21] . This is defined as metabolomics or the identification and quantification of all metabolites in a biological system 22 . Therefore, a comprehensive and robust oxylipin profiling method is vital to advance research in the field of regulatory lipids.
Oxylipins are products of a few fatty acid species and represent the addition of various oxygen species resulting in molecules with similar structures, chemistries, and physical properties. Many of them are isomers, which makes the identification and quantitation of all oxylipins in a single biological sample a challenging task. In addition, most compounds are present at low concentrations, but some of these compounds can vary in concentration by more than three orders of magnitude. Some of the methods to measure subsets of these oxylipins include ELISA 23 , GC 24 or GC/MS 25, 26 , LC/UV, LC/MS [27] [28] [29] [30] and LC/MS/ MS [31] [32] [33] [34] [35] . LC/MS/MS currently is the most powerful tool because of its specificity and sensitivity. Unfortunately, most of the published methods only analyze a small portion of the known oxylipins 36, 37 . This is especially true for the eicosanoids 28 where the arachidonate cascade is the target of over 75% of the world pharmaceuticals.
In this paper, we describe a novel sensitive method for the detection and quantification of oxylipins in samples of serum and bronchiolar alveolar lavage fluid (BALF) that employs solid phase extraction, HPLC separation, and ESI-MS/MS in multiple reaction-monitoring (MRM) mode. This method is quantitative for products of multiple enzymatic pathways, which allows a more complete assessment of localized and systemic pathological changes. To the best of our knowledge, it is the most comprehensive oxylipin profiling method with high sensitivity in a single analysis. The general approach is applicable to monitoring a variety of oxylipins in various matrices.
EXPERIMENTAL SECTION Chemicals
Oxylipins were either synthesized or purchased from Cayman Chemical (Ann Arbor, MI), Larodan Fine Lipids (Malmo, Sweden) and Biomol Research laboratories, Inc. (Plymouth Meeting, PA). Cayman Chemicals provided: (±)-12(13)-epoxy-9Z-octadecenoic acid (12, 13 EpOME), (±) 9,10 EpOME, 9, 10 DHOME, (±)13-hydroxy-9Z,11E-octadecadienoic acid (13 HODE), (±)9-hydroxy-10E,12Z-octadecadienoic acid (9 HODE), 13-keto-9Z,11E-octadecadienoic acid (13 oxo ODE), 9-oxo-10E,12Z-octadecadienoic acid (9 oxo ODE), 6-oxo-9S,11R,15S-trihydroxy-13E-prostenoic acid (6-keto PGF 1α ) , thromboxane B 2 (TXB 2 ), prostaglandin B 2 (PGB 2 ), prostaglandin D 2 (PGD 2 ), prostaglandin E 2 (PGE 2 ); 9S,11R,15S-trihydroxy-5Z,13E-prostadienoic acid (PGF 2α ); 11-oxo-5Z,9,12E,14E-prostatetraenoic acid (15 deoxy-PGJ2) ; 5-hydroxyeicosatetraenoic acid (5 HETE); 8 HETE; 9 HETE, 11 HETE; 12 HETE; 15 HETE; 20 HETE; 15-oxo--eicosatetraenoic acid (15 oxo-ETE), 5-oxo-ETE, 14,15-epoxy-5Z,8Z,11Z-eicosatrienoic acid (14, 15 EET), 11,12-epoxy-5Z,8Z,14Z-eicosatrienoic acid (11,12 EET), 8,9-epoxy-5Z,11Z,14Z-eicosatrienoic acid (8, 9 EET), 5, 6-epoxy-8Z,11Z,14Z-eicosatrienoic acid (5,6 EET), 14,15-dihydroxy-5Z,8Z,11Z-eicosatrienoic acid (14, 15 DHET), 11,12-dihydroxy-5Z,8Z,14Z-eicosatrienoic acid (11, 12  DHET), 8,9-dihydroxy-5Z,11Z,14Z-eicosatrienoic acid (8, 9 DHET), 5,6-dihydroxy-8Z,  11Z,14Z-eicosatrienoic acid (5, 6 DHET), leukotriene-B 4 (LTB 4 ); Larodan Fine Lipids provided: 9,10,13-tri-hydroxyoctadecenoic acid (9,10,13 TriHOME); 9,12,13 TriHOME. 5S, 6R,15S-trihydroxy-7E,9E,11Z,13E-eicosatetraenoic acid (lipoxin A4) was purchased from Biomol.
The following compounds were synthesized in house: 1-cyclohexyl-dodecanoic acid urea (CUDA);10,11 dihydroxyheptadecanoid acid (10,11DHHep); and 10,11 dihydroxynondecanoic acid (10,11-DHN), 11,12, 15 trihydroxy eicosatrieneoic (11, 12, 15 THET), 19 HETE 34, 38, 39 . Oasis HLB 60 mg SPE cartridges were purchased from Waters Co. (Milford, MA). Acetonitrile, methanol, ethyl acetate, phosphoric acid, and glacial acetic acid of HPLC Grade or better were purchased from Fisher Scientific (Pittsburgh, PA, USA). All other chemical reagents were purchase from Sigma (St. Louis, MO, USA).
Internal Standards
Two different types of compounds (Table S-6) were used as internal standards. Type I internal standards were added to samples before extraction to mimic the extraction of prostaglandins, diols, epoxides and other oxylipins. The type I internal standards include 6-keto-PGF 1α -d4 , PGE 2 -d4, 10,11 DHHep, 20 HETE-d6, 9 (S) HODE-d4, 5 HETE-d8, 11,12 EET-d8 and non-endogenous odd chain length monounsaturated fatty acids, 10,11 dihydroxynondecanoic acid 10,11-DHN. Type II internal standard was added at the last step before analysis to account for changes in volume and instrument variability. A synthetic acid, 1-cyclohexyl-dodecanoic acid urea (CUDA), was selected as type II internal standard.
The analytes were linked to their corresponding Type I internal standards for the purpose of quantification.
Standard Curve Preparation
Six different batches of standard mixtures were dissolved in methanol with 800nM CUDA to act as the calibration solutions (Table S-1). These calibration solutions were sub-aliquoted into Wheaton pre-scored gold-band amber ampoules (Fisher Scientific), sealed under nitrogen and stored at −20°C. The lowest concentration was diluted further using IS solutions for limit of quantification measurement.
Solid Phase Extraction
Prior to extraction, Waters Oasis-HLB cartridges were washed with ethyl acetate (2mL), methanol (2× 2 mL) and 95:5 v/v water/methanol with 0.1% acetic acid (2mL). Serum and BALF aliquots (250 μL) were then loaded onto the cartridges and spiked with 10 μL a 400nM Type I internal standards solution. Cartridges were washed with 1.5 mL 95:5 v/v water/methanol with 0.1% acetic acid, the aqueous plug was pulled from the SPE cartridges with high vacuum and SPE cartridges were further dried with low vacuum about 20 minutes. SPE cartridges were eluted into tubes with 0.5 mL methanol followed by 2 mL of ethyl acetate into 4mL tubes containing 6 μL 30% glycerol in MeOH as a trap solution. The volatile solvents were removed using a Speed-Vac until only the trap solution of 2 μL glycerol remained. The residues were reconstituted in 100 μL of methanol containing 800 nM of internal standard (CUDA). The samples were then mixed on a Vortex® for 5 minutes, transferred to auto-sampler vials with low volume inserts and stored at −20°C until analysis.
LC/MS/MS Analysis
The liquid chromatography system used for analysis was an Agilent 1200 SL liquid chromatography series (Agilent Corporation, Palo Alto, CA USA). The autosampler was kept at 4 °C. Liquid chromatography was performed on a Pursuit Plus C18 2.0 ×150 mm, 5 μm column (Varian Inc. Palo Alto, CA USA). Mobile phase A was water with 0.1% glacial acetic acid. Mobile phase B consisted of acetonitrile: methanol (84:16) with 0.1% glacial acetic acid. Gradient elution was performed at a flow rate of 400 μL /min. Chromatography was optimized to separate all analytes in 21 min. The gradient is given in Table S-2.
The column was connected to a 4000 QTrap tandem mass spectrometer (Applied Biosystems Instrument Corporation, Foster city, CA) equipped with an electrospray source (Turbo V®). The instrument was operated in negative MRM mode. Individual analyte standards were infused into the mass spectrometer and MRM transitions and source parameters optimized for that analyte. Source parameters, were then re-optimized under flow injection acquisition (FIA) mode (infusion of analytes into the column eluent flow). The LC gradient was selected to distribute analytes among various periods allowing for an increase in dwell time and lowering the limits of detection. In the whole optimization process, the two most abundant transitions were kept for each standard. While at the last step, the more specific or sensitive transitions were selected to avoid interference with the close isomers and to obtain better detection limits. The optimized mass spectrometric parameters are given in Table S-3.
Method Validation
Limit of quantification (LOQ), linearity, inter-and intraday accuracy, recovery and precision were determined for the profiling method 40 .
LOQ and Linearity Range
The six batches of standard mixtures and three further dilutions were used to determine the LOQ and linearity range. The calibration curves were calculated by least-squares linear regression using an 1/x weighting factor 41 . The standard concentrations were backcalculated from constructed calibrations curves for each analyte.
Accuracy and Precision
The accuracy and precision of the method were established by analyzing quality control (QC) samples of each analyte. These QC samples consisted of 10 μL S2, S3, S5, S6 and 190 μL 100mM phosphate buffer saline (PBS) solution. Three replicates of each sample were analyzed together with a complete set of calibration standards in three analytical runs. The intra-day accuracy was determined as the percent difference between the mean concentration per analytical run and the expected concentration. The inter-day accuracy was determined as the percent difference between different days. The coefficient of variation provided the measure of intra-and inter-day precision.
Recovery
Method recovery determines the amount of analyte spiked in the matrix that can be recovered and quantified. The phosphate buffer saline (PBS) solutions spiked with different analyte concentrations were extracted by SPE and analyzed by LC/MS/MS to determine recovery for each analyte. This was repeated for different sample matrices.
Sample Collection and Analysis
BL57/6 mice (8-week-old) were obtained from Charles River Laboratories (Wilmington, MA) and housed in metabolic chambers with ad libitum food and water for four days, until they were given either saline or lipopolysaccharide (LPS). A 10mg/kg dose of LPS or the equivalent volume of saline was administered either intranasally (i.n.) or intraperitoneally (i.p.). The intranasal injections were administered while a slightly anesthetized mouse was inhaling, to insure that the LPS was inhaled into the lungs. After this time the animals were given water but restricted from food for 24 hours, and then euthanized by overdose of pentobarbital. Each group had three replicate animals. Animals were handled in accordance with standards established by the University of California, Davis, Animal Care and Use Committee.
Blood was collected via cardiac puncture 24 hour after LPS administration. The BALF was collected using 2 mL of a 5 % dextrose solution. Both the blood and BALF were centrifuged, and the supernatants were transferred to polypropylene tubes and stored at −20°C until analysis. Triphenylphosphine (TPP) and butylated hydroxytoluene (BHT) (0.2% w/w) were added to the matrices at the time of sample collection. TPP was used to reduce peroxides to their monohydroxy equivalents, and BHT to quench radical catalyzed reactions. Both reagents prevent peroxyl radical propagated transformations of polyunsaturated fatty acids 42, 43 . Serum and BALF aliquots (250 μL) were extracted and analyzed as described above.
RESULTS AND DISCUSSION

Method Development
As mentioned above, there are three major challenges in development of an optimal oxylipin profiling method. First, the structural similarity between members of the oxylipin metabolome, particularly the isomers, requires excellent chromatographic separation especially for compounds that have identical transitions. Secondly, the endogenous concentrations of these oxylipins are very low and require careful optimization at every step to achieve the best detection limit. To only include more oxylipins in single method without providing enough sensitivity will fail in measure the oxylipins in the real samples. Lastly, in order to develop a high throughput method, the gradient and ion transitions must be optimized to accomplish a short run time. Additional problems arise due to the instability of some analytes and the complexity of some matrices.
Critical Separation Pairs
Compounds which have identical molecular compositions, similar fragmentation and close retention times where considered to be "critical separation pairs". In this method, the following pairs were regarded as critical separation pairs: 9,12,13 TriHOME/9,10,13 TriHOME , PGE2/PGD2, 14,15-DHET/11,12DHET, 19 HETE/ 20HETE, 13 HODE/9-HODE, 13 oxo-ODE/ 9 oxo-ODE, 12,13 EpOME/ 9,10 EpOME, 11,12 EET/8,9 EET/ 5,6 EET. In the LC optimization, column temperature and gradients were adjusted to accomplish complete separation of these critical separation pairs. The final gradient is given in Table S 
Mass spectrometry optimization
After LC parameters were optimized, MS parameters were optimized to attain the lowest detection limit. Table S-3, S-4 provides the optimized mass transitions and mass spectrometric parameters.
Most of these fragments are produced from cleavages adjacent to double bonds and/or hydroxyl moieties. In general, these transitions were selected to yield the greatest sensitivity and selectivity for MRM quantification. In certain cases, more characteristic fragmentation ions were chosen to gain selectivity at the expense of sensitivity. For example, although 8, 9 EET gets the higher response when using transition 319.2/167, the more specific transition 319.2/123 was selected to avoid the interference from 11,12 EET in transition 319.2/167.
In addition, several compounds with MRM transitions that are different from other published data were compared (Table 1) 28, [44] [45] [46] [47] . The result shows that the careful selection of transitions could improve sensitivity several fold by optimizing for sensitivity or for selectivity.
At first, DP, de-clustering potentials, were regarded as compound dependant parameters, which were optimized under direct infusion of the single compounds. However, they also proved to be affected by the solvent composition. Therefore, all the transitions were compared with different DPs (range from −30~−100 V) across the LC gradient. Nearly all of these compounds achieved the best sensitivities when DPs were set at −60V.
Dwell time was found to play a very important role in increasing the signal-to-noise ratio with a shorter dwell time resulting in a much higher noise. On the other hand, the longer dwell time use made it necessary to break the whole acquisition into several periods to keep an adequate number of measurements across a peak (>10 points per peak). The dwell times and the periods needed to be balanced in the optimization process. In this method, the dwell times were set above 25 ms with three acquisition periods.
Method Validation
This method was designed to be applicable to multiple biological matrices; therefore, extraction and cleanup procedures were developed in 100mM phosphate-buffed saline (pH 7.4) that contained no endogenous analytes. It was subsequently tested with multiple matrices.
LOQ and Linearity
For this procedure, we defined the limit of quantifications (LOQ ) as the amount of sample required to produce a signal to noise ratio (S/N) of 10 or greater. Analysis of calibration standards established the LOQs between 0.07 to 32 pg. This is equivalent to 8 pM to 4 nM in a 250 μL plasma sample analyzed at a final volume of 100 μL. Table 2 gives the method's LOQ on column. To the best of our knowledge, it is the most sensitive comprehensive oxylipin profiling method in a single analysis. A recent paper reported the development of an eicosanoid profiling method for 104 unique lipid species 49 . This is a less sensitive method although it covers more analytes. In other words the LOD of the reported method is much worse than the LOQ of our method as illustrated by an LOD of PGE2 for their method of 1 pg compared to the LOQ of our method of 0.07. The lower sensitivity may result from insufficient dwell time in their method. This comparison brings up the point that one must often balance the number of analytes in a method against sensitivity for individual metabolites. This brings up the broader challenge to the field of balancing number of analytes, sensitivity, speed, accuracy, sample size, and other parameters against the biological goals of the analysis.
The linearity of the method was determined by the calibration curves constructed for each analyte. Curves plotted the ratio of the analyte area to its internal standard area against concentration using 1/x weighting factors in the regression. Regression analysis determined R values of 0.999 or greater for each analyte.
Recovery
Recoveries range from 88%-127% (Table S-5 ).The precision was good (most of the RSDs <15% ) and the extraction efficiencies were stable across low and high concentrations of analytes. Table 3 lists the accuracy and precision data acquired for intra-and inter-day analyses. The accuracy and precision were determined using QC samples prepared at four concentrations spanning the entire concentration range measured by the method. Triplicate injections were made daily to determine the method's intraday variability. Accuracy was calculated as the percent difference between the daily mean QC value and the expected value. Precision was calculated as the relative standard deviation of these three daily values. To determine the inter-day variability of the method, QC samples were run on three different days to determine the accuracy and precision (Table 3 ). New calibration curves were run each day in conjunction with the QC samples. The QC samples (QC1-QC4) for each component had greater than 80% accuracy indicating that the method can be considered accurate and precise across the range of concentrations used.
Accuracy and Precision
Analysis of Biological samples
The data summarized in Table 4 (statistically significant changes in each analyte are shown) illustrate the power of this method to define quantitatively changes in oxylipin profiles in mice following administration of LPS intranasally (i.n.) or intraperitoneally (i.p.). In these models of murine sepsis murine sepsis, the oxylipin method illustrates the large difference in route of administration changes in serum vs. bronchiolar lavage samples. The data also illustrate the power of the method of oxylipin in very small samples. There are numerous conclusions which can be drawn.
The mice that were administered LPS via both intraperitoneal (i.p.) injection and intranasal (i.n.) injection had increased levels of almost all of the detected oxylipins in serum when compared to saline treated animals. The pro-inflammatory mediator PGE2 had the greatest change (~30 fold). These data imply that the common substrate-arachidonic acid is released from lipid layers under inflammatory stimuli. This observation is consistent with research resulsts 48 that the LPS-induced release of arachidonic acid and prostaglandins are regulated in part by phospholipase A2 (PLA2). The biggest change for PGE2 indicated that COX-2, the enzyme largely responsible for PGE2 production in inflammation was induced after LPS administration. These data support our previous study 13 . Similar fold increases are seen when comparing the serum from the LPS (i.p.) injection and LPS (i.n.) administration. There are six oxylipins that have statistically different concentrations when comparing the i.p. to i.n. injections of LPS (Table 4) , which reflect the slight difference between different administration methods.
Intranasal LPS exposure also increased oxylipins locally as indicated by analysis of the BALF. There was more variability in these samples so fewer metabolites show statistically significant differences (Table 4 ). The variability is probably due to mucosal ciliary clearance of the LPS, variable distribution following administration, and variable LPS transport within proximal and distal airways. Lower airways can be effectively sealed off in inflamed lungs. There was an increasing trend in LTB4 levels in BALF after LPS exposure although the data were not significant (Table 4 ). In contrast, LTB4 could not be detected in serum and PGE2 showed a different response between serum and BALF. This reflects that oxylipin profiles may differ dramatically not only temporally but with location. LTB4 may be a good indicator of inflammation in the airway system.
CONCLUSIONS
In this paper we describe the development, validation, and application of a quantitative assay to profile the levels of 39 members of the oxylipin metabolome by SPE-LC-ESI MS/MS. Oxylipins are an important group of biologically active compounds. Many of them are important lipid mediators in initiation and resolution of inflammation. The thorough evaluation of the oxylipin metabolome is useful to understand the physiology and pathology behind these processes. In addition, oxylipin metabolomics has already been shown to be useful in elucidation of a compensatory mechanism for homeostatic blood pressure regulation 17 .
To improve the quantitative accuracy, an internal standard (Type II internal standard) was chosen to monitor the injection variation and eight Type I internal standards were selected to compensate the differences in the extraction and ionization efficiency due to differences in chemical structure and chromatographic elution. When commercially available we used deuterated internal standards. As more heavy atom standards become available for oxylipins, we can anticipate improved accuracy and precision in the measurement. The validation shows this method meets the criteria for several important parameters. Linearity of each compound was greater than 0.999 over the calibration range of 0.07 to 32pg (20 pM-10 nM) injected on column. The accuracy and precision of the method were established by examining the reproducibility of several QC samples over extended times and conditions. Finally, the murine sera and BALF oxylipin profiles and the variations in oxylipins levels treated by LPS were successfully quantified. The results show this method provids a powerful platform to monitor changes in the oxylipin metabolome in systemic (serum) and local systems (BALF) after stimuli. In addition, the oxylipin profiles also reflected the different response between different administration methods.
The oxylipins are of great importance to wide range of physiological functions, including inflammatory response and resolution. The ability to relate a physiological state to a specific oxylipin profile increases the understanding of a disease process and should lead to more efficacious therapeutics to treat and prevent inflammatory diseases. This robust method can provide this profiling.
New methods for oxylipin analysis will continually be needed. Currently well over 100 biologically active oxylipins have been identified and the number continues to grow indicating that broader coverage of structures is needed. For example multiple oxylins in the ω-3 series appear biologically important. On the other hand the basal concentrations of several oxylipins are below the detection limit of even the most sensitive methods. Thus, even with careful optimization there will be a trade off between the number of analytes monitored and the sensitivity. In addition the chirality of many oxylipins is critical to biological activity, and this method does not address the chirality problem. Coverage, sensitivity, accuracy, precision, and speed must of course be weighed against cost of analysis. For any biological problem there will be trade offs among these drivers requiring analytical chemists to adjust their procedures for the goals of the project, develop new techniques to obtain more information from existing instrumentation, and of course adapt their methods to improved instrumentation.
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